T
he spores of thermophilic bacilli Geobacillus spp. are common contaminants of milk powder (24) . Spores present in the raw milk can adhere to surfaces, germinate, and grow as biofilms, which results in the contamination of the milk product (10) . While not pathogenic, the presence of these heat-stable spores can result in spoilage of reconstituted milk. Recent studies have focused on identifying the predominant spore-forming species within dairy plants (11) and understanding spore adhesion to surfaces (28, 36) and subsequent biofilm development within a dairy plant (27, 35) . However, to date, there has been a lack of a discriminatory and reproducible genotyping assay to track individual strains of Geobacillus spp. through a milk processing plant and its products.
Random amplification of polymorphic DNA PCR (RAPD-PCR) profile analysis is a method that has previously been used to genotype isolates of Geobacillus spp. (42) . This technique uses short arbitrary primers that bind to nonspecific sections of the genome. The amplification of these sequences using PCR results in different banding patterns between strains, creating a fingerprint. This technique has been used to characterize strains from Geobacillus spp., Anoxybacillus flavithermus, and Bacillus licheniformis, isolated from milk powders from New Zealand (31) and around the world (33) . These studies found a predominant genotype for Geobacillus stearothermophilus, which was designated strain A, along with 2 other genotypes. RAPD-PCR profiling requires no genome sequence information and is quick and easy. However, this technique is known to have poor reproducibility between laboratories and the interpretation of the banding patterns can also be difficult due to weak bands in an isolate's profile, resulting from various efficiencies of the PCR and mismatches between the primer and the DNA template. Another method for genotyping aerobic dairy sporeformers involves sequencing variations found within the housekeeping gene rpoB (7) . However, this may not be a suitable genotyping method for Geobacillus spp. since the rpoB gene is highly conserved in this genus compared with other bacilli. Previous studies have shown that sequencing of the variable regions within the rpoB gene could replace 16S rRNA gene sequencing in Geobacillus spp. as a species identification method (22, 41) .
Multilocus variable-number tandem-repeat (VNTR) analysis (MLVA) has been used to discriminate between different genotypes within species by analyzing length polymorphisms found within several VNTR loci. Length polymorphisms arise in VNTRs due to the variability of the copy number of tandem repeats found within genes or the noncoding regions of a genome. Copy number differences occur when one or more tandem repeats are added or removed during replication of the genome by slipped-strand mispairing events, giving rise to a genotype different to that of the mother cell. These changes in VNTR length can be analyzed using gel electrophoresis and can be an important source of genetic variation within an organism because of their rapid evolution rates (17, 30, 40) . Recently, MLVA has been used to genotype a number of different pathogens such as Salmonella enterica (3), Clostridium difficile (4), Mycobacterium tuberculosis (19) , Listeria monocytogenes (23) , and Bacillus anthracis (16) . In most cases, the MLVA method developed for each of these species provided discrimination values equal to, or greater than, those of the "gold" standard genotyping methods such as pulsed-field gel electrophoresis (PFGE), restriction fragment length polymorphism (RFLP), and multilocus sequence typing (MLST). While a previous study examined the presence of different strains of Listeria monocytogenes directly in food samples (5) , there have been no applications of MLVA to genotype food spoilage organisms.
High-resolution melt analysis (HRMA) is a rapid, closed-tube, post-PCR method used for analyzing genetic variations in PCR products using DNA-binding fluorescent dyes and a PCR machine with a highly precise temperature control. Amplicons with different DNA sequences, GϩC contents, and lengths are differentiated on the basis of their melt curves. Previous studies have employed HRMA in conjunction with MLVA (MLV-HRMA) for genotyping the pathogens B. anthracis (12) and Pseudomonas aeruginosa (25) . These studies found MLV-HRMA to be reproducible and the results to be consistent with those of the original MLVA technique.
This study aimed to develop an MLVA-based genotyping method in conjunction with HRMA to genotype Geobacillus isolates obtained from retailed milk powder and milk powder processing plants. The discriminatory power of this technique was also compared to that found using the RAPD-PCR typing technique. Finally, the MLVA method was applied to investigate genotypes found in milk powders with high spore counts from specific processing plants and used to compare these types to historical isolates obtained from different plants in the same region, isolated up to 17 years ago.
MATERIALS AND METHODS
Milk powder samples and bacterial isolates. Geobacillus isolates were obtained from dairy samples from (i) milk powder processing plants in 2010, (ii) milk powder processing plants from 1995 to 2000, (iii) specific high-spore-count powders from processing plants in 2010, and (iv) retailed milk powder from samples sourced from Brisbane, Queensland, Australia, and Christchurch, New Zealand, in 2010. These samples were maintained at Ϫ20°C or below until used for microbiological analysis.
To obtain isolates, 1 g of each reconstituted powder was treated at 100°C for 30 min before being cultured on tryptic soy agar (TSA) at 55°C overnight. Twenty-seven historical isolates were heat treated at 100°C for 30 min before being subcultured on plate count agar and incubated at 65°C for 48 h. Individual colonies were then isolated and restreaked on TSA and grown under the same conditions to ensure the purity of isolates. Finally, a single colony was picked and grown in tryptic soy broth (TSB) under the same conditions described above. Isolates were stored in 30% (wt/vol) glycerol at Ϫ80°C.
In order to obtain isolates from specific high-spore-count milk powders (Ͼ10 4 spores · g Ϫ1 ), seven separate high-spore-count powders were obtained from a single processing plant over a 1-month period in 2010. Isolates from these powders were obtained as described above; however, 5 colonies were purified from each powder sample. This provided a total of 35 isolates from the 7 powder samples.
DNA extraction and identification. One milliliter of culture from each isolate grown in TSB was centrifuged at 14,000 ϫ g (Centrifuge 5418; Eppendorf). Genomic DNA was then extracted from cells using a DNeasy blood and tissue lysis kit (Qiagen, Australia) according to the manufacturer's instructions for Gram-positive bacteria. Genomic DNA was finally eluted using two individual centrifugation steps (14,000 ϫ g) of 50 l of elution buffer providing a final volume of 100 l and was stored at Ϫ20°C until required. Isolates were identified as Geobacillus spp. using 16S rRNA gene sequencing (primers are listed in Table 1 ) and V6 16S rRNA gene HRMA analysis (K. Chauhan et al., unpublished results). Several isolates were also characterized by partial rpoB sequencing based on a previous study by Weng et al. (41) . Primers were generated to amplify two variable regions designated A and B within the rpoB gene (Table 1) . PCRs were performed in a PTC-200 Peltier thermal cycler (MJ Research) using the following protocol: 94°C for 2 min, followed by 34 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 2 min, followed by 72°C for 5 min. DNA sequencing was performed at the Australian Genome Research Facility (AGRF), Brisbane, Queensland, Australia, or at Macrogen, Seoul, South Korea. The genera were identified by comparing 700 bp of 16S rRNA gene sequences in the 16S Ribosomal Database Project (RDP) (http://rdp.cme .msu.edu/), while rpoB sequences were compared to the sequences with accession numbers listed in a previous study (41) . 5=-CGGGAACGTATTCACCG-3= 53
5=-AGCCAACATGGCAACGAAACGAG-3= 57
Primer development for VNTR loci. The program Tandem Repeats Finder (TRF) (2) was used to locate repeat regions within the genome sequences of Geobacillus kaustophilus HTA426 (NC_006510) and Geobacillus sp. Y4.1MC1 (NC_014650). One hundred potential VNTR loci were identified, and 35 loci were chosen based on repeat size (Ͼ20 bp) and copy number (Ͼ2). Primers were designed for the flanking regions within 100 bp of either side of the repeat region using PrimerBLAST (http://www .ncbi.nlm.nih.gov/tools/primer-blast/). Primer sets were designated Geobacillus VNTR 1 (GV1) to GV35. Initially, 15 isolates were used to test the primers to determine the amplification and length variation of each locus. Real-time PCRs were performed in a Rotor-Gene Q (Qiagen, Valencia, CA) using Platinum SYBR green quantitative PCR (qPCR) SuperMix-UDG (Invitrogen, Carlsbad, CA). Thermal cycling consisted of 95°for 1 min, followed by 28 cycles of 95°C for 1 min, 55°C for 30 s, and 72°C for 40 min, followed by 72°C for 2 min. HRMA conditions were from 75 to 90°C at 0.1°C · s Ϫ1 . The MLV-HRMA results were interpreted using the RotorGene Q series software (version 1.7; Qiagen) difference graphs with a single isolate as a control. Melt curves were considered different if the apex position along the x axis differed by more than 0.1°C and if normalized fluorescence differed by Ϯ8 units of the mean curve. For the traditional MLVA method, size differences of PCR products were visualized after 2% agarose gel electrophoresis and staining with Serva DNA stain G (Serva, Heidlberg, Germany).
VNTR loci stability. In order to determine the stability of the copy number within each locus, 5 isolates of different genotypes were chosen and subcultured on TSA every 24 h for a period of 12 days. DNA was extracted using the DNeasy blood and tissue kit, as described above, after days 1 and 12. The loci in the 5 isolates were analyzed using MLV-HRMA and traditional MLVA as described above.
RAPD-PCR analysis. RAPD-PCR profiles were used to differentiate strains and were generated using the primer OPR 13 (5=-GGACGACCA AG-3=) (31) . The reaction mixture contained GoTAQ green (Promega, Madison, WI) according to the manufacturer's instructions. The total reaction size was 25 l, which contained 2 l of template DNA and 47.5 M OPR 13 primer. PCRs were performed in a PTC-200 Peltier thermal cycler (MJ Research) using the following protocol: 94°C for 2 min, followed by 36 cycles of 94°C for 1 min, 35°C for 1 min, and 72°C for 3 min, followed by 72°C for 5 min. PCR products were visualized after 2% agarose gel electrophoresis and staining with Serva DNA stain G. In order to check for reproducibility of RAPD-PCR analysis between two different DNA extracts from the same 14 isolates, the RAPD-PCR was performed on two separate DNA extractions from the same isolate.
The RAPD-PCR profiles were analyzed using a previous method (1). The molecular size (bp) of each potential band position was determined across all RAPD-PCR profiles. At each band position, two possible alleles were considered either present (a score of 1) or absent (a score of 0). Different RAPD profiles were designated by different scores and classified as different genotypes.
Data analysis and statistics. The MLV-HRMA genotypes were clustered using PHYLOViZ 1.0 software (downloadable at http://www .phyloviz.net/) (13) . This software uses goeBURST algorithm to generate a minimum spanning tree and group the genotypes on various locus variant levels. A genotype was created for each isolate by assigning an MLV-HRMA genotype (MHT) or MLVA genotype (MT). The goeBURST algorithm is essentially the global optimal eBURST algorithm, and therefore, the same approach can be used to interpret the result generated by both algorithms as described previously (8) . To compare the discriminatory powers of MLVA, MLV-HRMA, and RAPD-PCR, the Simpson's diversity coefficient (D) was calculated for the 46 isolates genotyped by the 3 different typing methods (14, 15) .
RESULTS
Initial screening of Geobacillus VNTR loci. One hundred VNTR loci were identified using the TRF; however, only 35 loci had a suitable copy number and repeat length. In order to find suitable VNTR loci for genotyping isolates of Geobacillus spp., primers were developed to amplify 35 different VNTR loci and were tested on 15 different Geobacillus isolates. Of these 35 loci, only 7 primer sets could produce single amplicons for all 15 isolates. Of these 7 loci, 4 produced suitable length variations between the 15 different isolates and were chosen for further testing. The characteristics of these VNTR loci, designated GV4, GV10, GV12, and GV18, can be seen in Table 2 . These loci were selected as markers for MLVA and MLV-HRMA genotyping of Geobacillus isolates. Six isolates of B. licheniformis and A. flavithermus were also included in the initial screening and did not produce any PCR products using the primers described above (data not shown).
MLVA and MLV-HRMA of GV loci. The 4 VNTR loci described above were chosen to screen 46 Geobacillus isolates obtained from retailed and processing plant milk powder samples. MLVA results differentiated the 46 isolates into 15 MTs (D ϭ 0.88). An example of a gel showing length polymorphisms for GV18 between isolates can be seen in Fig. 1 . The MLV-HRMA differentiated the 46 isolates into 16 different MHTs (D ϭ 0.89). HRMA difference curves for each locus can be seen in Fig. 2 .
Analysis of individual loci by MLVA revealed that GV4, GV10, GV12, and GV18 differentiated all 46 isolates into 4, 5, 5, and 4 MTs, respectively. Analysis of MLV-HRMA curves could differentiate more genotypes for all four loci than MLVA, with GV4, GV10, GV12, and GV18 revealing 9, 8, 7, and 8 MHTs, respectively. The individual MLVA locus GV12 had the greatest D value (0.67), while GV18 had the lowest (0.52). Individual D values were higher for MLV-HRMA, with GV4 being the highest (0.76), while GV18 was the lowest (0.56) ( Table 2) .
In order to determine the cause of the MLV-HRMA technique differentiating more groups than MLVA, several amplicons from each GV locus were sequenced. In particular, MHTs which did not fall within major groups in difference melt curves were chosen and compared. In all cases, these amplicons had the same copy number but had various GϩC contents. An example of this can be seen for any of the isolates or loci, suggesting that these loci are stable over the course of short-term culturing (data not shown). Minimum-spanning-tree analysis. Minimum-spanning trees were generated using the goeBURST PHYLOViZ program in order to obtain insight into the evolutionary descent of MHTs (Fig.  4) . Clonal groups are distinguished by MHTs at a single locus variant (SLV) level (8) . Three clonal groups were revealed among the 46 isolates. Clonal group 1 contained 63% of the isolates tested and all of the isolates obtained from powders with high spore counts. Two other clonal groups, consisting of only two MHTs each, were located. The remaining MHTs differed by two or more loci.
Information such as the spore concentration of powders and the isolation source could be overlaid on the minimum spanning tree. Isolates from powders with high spore counts were genotypes present only in clonal group 1, while isolates found in powders with medium to low counts were dispersed throughout the tree (Fig. 4) . However, genotypes were ubiquitous and certain milk powder processing plants did not contain their own unique genotypes.
RAPD-PCR genotyping and comparison to MLV-HRMA. The same 46 isolates analyzed by MLV-HRMA were analyzed by RAPD-PCR in order to compare the discriminatory powers of both methods. An example of the profiles for the isolates can be seen in Fig. 5A . Two major banding patterns were observed for the 46 isolates. The first can be seen in lanes 2 to 6 and contained a cluster of three bands between 1,000 and 1,300 bp. Examples of the second major banding pattern can be seen in lanes 7 to 15. These contained bands at 3,000, 1,600, 1,300, 1,000, 800, 600, and 300 bp. This second banding pattern closely resembles that of G. stearothermophilus strain A, found in a previous study (33) . Slight variations of these two major banding patterns were also observed between isolates. For example, the isolate in lane 11 had stronger intensity bands at ϳ3,000 and 1,300 bp but a diminished band at 1,600 bp compared with other isolates consisting of a similar banding pattern. Isolates in lanes 9, 10, and 12 also had an intense band at 900 bp compared to other isolates.
In order to examine the reproducibility of RAPD-PCR profiles, PCRs were performed on different DNA extracts from the same isolates using the same PCR machine. Generally, the profiles from the two extracts were similar; however, minor differences were observed. For example, in lane 14, a minor band was visible at 1,200 bp ( Fig. 5A ) but faint in the second DNA extract (Fig. 5B ). rpoB sequencing. For species identification, 6 isolates (from MHTs 1, 2, 3, 7, 10, and 13) were chosen and 2 variable regions (A and B) within the rpoB gene were sequenced. The highest sequence identities for all 6 isolates using GenBank were to those of Geobacillus thermoleovorans or Geobacillus stearothermophilus (39) . However, it was found that, for the same isolate, the two fragments gave conflicting results, whereby one fragment would share greater sequence identity with G. thermoleovorans while the other fragment had greater identity with G. stearothermophilus. This result further confirms the close relatedness of Geobacillus species.
MLV-HRMA of isolates obtained from powders with high spore counts and historical isolates. Thirty-five isolates (different from those analyzed above) were obtained from 7 different skim milk powders with high spore counts (Ͼ1 ϫ 10 4 spores · g Ϫ1 ), taken from individual processing runs over a 1-month period from a single processing plant and genotyped using the MLV-HRMA technique. All these isolates were found to fall into clonal complex 1 (Fig. 4) . The most common genotypes observed matched MHTs 1 and 3, along with a third genotype that matched MHT 2 (data not shown). The GV12 locus was able to differentiate between MHTs 1 and 3, while the GV4 locus could differentiate between MHTs 1, 2, and 3. The two other loci GV10 and GV18 were unable to differentiate between the isolates. Interestingly, up to three different genotypes (MHTs 1, 2, and 3) were detected in a single gram of milk powder obtained from a single processing run, indicating that multiple genotypes can exist in a processing line at one time. However, several powder samples had only one MHT, which was either MHT 1 or 3.
Twenty-seven historical isolates obtained from milk powder processing plants other than the ones tested above but from the same region of Australia between 11 and 17 years ago were also genotyped using the MLV-HRMA technique. Of the 27 isolates, 23 matched MHT 1 and 1 matched MHT 13, while the 3 remaining isolates generated 3 different MHTs not observed before in the present study.
DISCUSSION
The goal of this study was to develop an easy, reproducible, and highly discriminatory genotyping method to provide insight into Geobacillus isolates from milk powder production plants and retailed powders. This new technique (MLV-HRMA) was then compared with MLVA gel-based interpretations and the previously used typing method RAPD-PCR. Finally, the technique was applied to genotype potentially problematic isolates obtained from powders with high spore counts and historical isolates obtained up to 17 years ago from processing plants in the same region of Australia.
The number of VNTR loci tested in this study is similar to what has been developed in previous studies. Most studies have used 5 to 15 loci (20, 23, 29, 34, 37, 39) ; however, other studies have used either a single locus (25) or as many as 42 loci (18). Increasing and optimizing the number of loci would likely improve the discriminatory power of the current method; however, as mentioned above, primer sets for 35 loci were initially screened. To achieve this, more VNTR loci would likely need to be located within the genome sequences of more closely related Geobacillus spp. isolated from dairy plants rather than deep-sea thermal vents, which is where the genome-sequenced G. kaustophilus strain was isolated. This MLV-HRMA typing method could be employed to genotype environmental Geobacillus spp., since the VNTRs were first located in genomes of environmental isolates. Furthermore, the number of loci that could be amplified in all strains may be low since the technique genotypes strains of Geobacillus at a genus level rather than at a single species level. The genus Geobacillus has been known to be highly conserved, and 16S rRNA gene sequences have failed to accurately identify different species (22, 26, 41, 43) . Identification solely on the basis of 16S rRNA genes for Geobacillus spp. has resulted in misnaming a number of isolates (6) . Previous studies have chosen other housekeeping genes such as recA, recN, or rpoB as targets for species identification of Geobacillus spp. (41, 43). In the current study, we sequenced two variable regions of the rpoB gene of 6 isolates and found Ͼ99% identity with both G. thermoleovorans and G. stearothermophilus. This is in agreement with previous research, which suggested that these two species are predominant in milk powder manufacturing plants (11) . The comparison of the Simpson's index of diversity between the different typing techniques revealed that MLV-HRMA provided a greater level of discrimination than RAPD-PCR while only a small improvement compared to the gel-based analysis of the same amplicons in MLVA. Similar groupings of isolates were observed in both MLV-HRMA and RAPD-PCR techniques. Most of the isolates that gave the second banding pattern (Fig. 5, lanes 7  to 15) similar to that of G. stearothermophilus strain A were the same MHTs in clonal complex group 1 from the MLV-HRMA. While the RAPD-PCR technique grouped all the isolates together in clonal group 1 (lanes 7 and 8 in RAPD-PCR gels), the MLV-HRMA method could differentiate these isolates and divide them into MHTs 1, 2, and 3, giving rise to a higher discriminatory power for the method. Isolates displaying the first banding pattern (lanes 2 to 6) in the RAPD-PCR profiles were found in clonal complex groups 2 and 3, as well as all related double-locus variants. Here we found that the reproducibility of RAPD-PCR profiles was reasonable, but there were still clear banding profile differences between replicate experiments, making it difficult to ascertain true genotypic variations.
The MLV-HRMA technique could differentiate a larger number of genotypes for each individual locus than the traditional MLVA method. This suggests that MLV-HRMA can differentiate amplicons which have the same or similar lengths. This could be due to two possible mechanisms. First, the basis of HRMA depends on an amplicon's size and GϩC content. Tandem-repeat regions could be more prone to base mutations, resulting in the presence of single nucleotide polymorphisms (SNPs) within the VNTR loci of isolates with the same number of repeats. While Keim et al. have already discussed the discriminatory power of MLVA and SNP analysis separately, along with their respective mutation frequency (17) , there has been no mention of the presence of SNPs occurring within tandem-repeat regions. A second possible explanation for the presence of these SNPs may be the result of convergent evolution, where two unrelated strains of Geobacillus with slightly different GϩC contents have the same number of repeats within a single VNTR locus. A similar study looked at the number of repeat units in an MLVA study looking at the genus Brucella; however, the sequence of these repeats was not examined across species (20) . Further research would need to be done to confirm either of these possibilities.
The VNTR loci used in this study were found to be stable over a short period of time (12 days) . This is similar to what other studies have found previously when checking VNTR stability (38) . Keim et al. discussed the relationship of VNTR stability and growth rates in B. anthracis (17) . For example, B. anthracis can replicate only in a host and not in soil, and therefore, the evolution rate of VNTR loci may be very low. A similar conclusion may be applicable for Geobacillus spp., since they have a higher death rate than growth rate in soil below 40°C (21); however, they have a very high growth rate in dairy processing plants due to the abundance of nutrients and thermophilic conditions (9) . The milk powder production process is also a single-pass system, meaning spores that end up in the final product are not reintroduced at the start of a processing line. However, some spores and cells associated with biofilms may remain in the plant after a cleaning-in-place (CIP) regime. This may be the reason for the relatively low number of genotypes observed compared to the number of isolates obtained from samples and that the same genotypes are present today, as they were up to 17 years ago, in processing plants in the same region of Australia. This is not surprising, since the same genotypes of B. licheniformis found in present-day milk powder were also discovered in 90-year-old milk powder from Shackleton's hut in Antarctica (32) .
From the initial screening of 46 isolates, specific plants did not contain unique genotypes, indicating that genotypes were ubiquitous across all plants in Victoria, Australia, and even retailed powders from New Zealand. However, isolates obtained from powders with high spore counts in the initial screening were found in clonal group 1. To confirm this, we screened additional spore count powders. Two different MHTs were predominant in powders with high spore counts from a single processing plant within Australia. One of these MHTs was also present in historical isolates obtained from different plants 17 years ago. These results indicate that these two MHTs could potentially be "problem" strains with unique attributes that allow them to proliferate in a milk powder processing environment. Rueckert et al. found that one RAPD-PCR genotype of Geobacillus spp. was ubiquitous in different milk powder samples from around the world and that A. flavithermus, rather than Geobacillus spp., was present in powders with high spore counts (33) . While the present study failed to isolate A. flavithermus from Australian milk powders with high spore counts, the development of an MLVA-based typing method for A. flavithermus using the same approach described here could also prove useful, as a genome sequence for this organism is available.
In conclusion, the MLV-HRMA typing method developed in the current study is easy and reproducible and had a greater discriminatory power and reproducibility than RAPD-PCR. This method could be enhanced if more VNTR loci are located as more suitable Geobacillus genomes from a dairy environment become available. This new typing method could aid plant operators in identifying and monitoring persistent and potentially problematic isolates that could be causing high spore levels in milk powder and could trace the origin of contamination in dairy processing plants.
